The meiotic pattern of chromosome segregation is created by differential regulation of the linkage between sister chromatid arms and centromeres (Fig. 1A,B) . In meiosis I, homologous chromosomes are attached to one another by chiasmata, which are stabilized by sister chromatid cohesion. At anaphase I, homologs segregate away from each other when cohesion is lost between sister chromatid arms, but sister centromeres remain attached to each other because cohesion is maintained here (Lee and Orr-Weaver 2001; Nasmyth 2001) . Kinetochore structure is critical in meiosis I, because both sister kinetochores must attach to the same spindle pole.
In both meiosis and mitosis, a multisubunit complex called cohesin mediates sister chromatid cohesion (Nasmyth 2001) . The mitotic and meiotic complexes differ by at least one subunit, as the mitotic Scc1/Mcd1 protein (Guacci et al. 1997; Michaelis et al. 1997 ) is replaced by Rec8 in meiosis, which localizes to both sister chromatid arms and centromeres in meiosis I (Klein et al. 1999; Watanabe and Nurse 1999) . At anaphase of meiosis I, Rec8 disappears from chromosome arms and homologs disjoin (reductional segregation) , but Rec8 remains bound near sister centromeres, maintaining the linkage between sister centromeres. At anaphase of meiosis II, centromeric Rec8 is removed and sister centromeres segregate from each other (equational segregation) (Klein et al. 1999; Watanabe and Nurse 1999) . Replacing meiotic cohesin with its mitotic counterpart deranges meiosis I. Although sister centromeres are linked in metaphase I, Scc1/Mcd1 cannot be protected at sister centromeres and sister centromeres separate from each other as cells enter anaphase I (Toth et al. 2000) .
The cell cycle machinery regulates cohesin removal from chromosomes. The anaphase promoting complex (APC), a multisubunit ubiquitin ligase (King et al. 1995; Sudakin et al. 1995) , targets the anaphase inhibitor Pds1 (securin) for destruction by the proteasome (Cohen-Fix et al. 1996) . Destruction of Pds1 allows its binding partner, separase (Esp1) to cleave Rec8 in meiosis or Scc1/Mcd1 in mitosis, thus destroying the linkage between sister chromatids (Ciosk et al. 1998; Buonomo et al. 2000) . Despite an active separase, centromeric Rec8 is protected during meiosis I until meiosis II when separase is reactivated and removes Rec8 at the onset of anaphase I.
Spo13 is a candidate regulator of centromeric cohesion (Klapholz and Esposito 1980b; McCarroll and Esposito 1994) . Mutations in SPO12 and SPO13 were identified in a natural yeast isolate that undergoes a single meiotic division, often separates sister centromeres, and produces two viable diploid spores (Klapholz and Esposito 1980a,b) . In addition, spo13⌬ mutants have much less Rec8 on centromeres during anaphase I, suggesting that Spo13 may regulate Rec8 destruction during anaphase of meiosis I (Klein et al. 1999) . These data suggest that the spo13⌬ mutant has three defects ( Fig. 1C) as follows: Only one meiotic division occurs, sister kinetochores often attach to opposite poles, and sister centromeres often separate from each other in the single division (Klapholz and Esposito 1980; Sharon and Simchen 1990) . We have studied these three defects in the spo13⌬ mutant. We show that the spindle checkpoint delays anaphase of meiosis I in spo13⌬ cells, causing the single division meiosis. To test the hypothesis that Spo13 protects centromeric Rec8 from cleavage by separase, we overexpressed both Rec8 and Spo13 in mitotic cells. In these cells, sister centromeres still attach to opposite spindle poles, but they fail to separate from each other at anaphase, mimicking one aspect of meiosis I chromosome behavior.
Results

Chromosome segregation in spo13⌬
We began by studying chromosome behavior in the single meiotic division that occurs in cells lacking Spo13. Diploids homozygous for the spo13⌬ mutation undergo a single meiotic division, forming dyads. Chromosome segregation is mixed, as sister chromatids segregate away from one another in some cells but go to the same pole in others. Previous studies used genetic analysis to follow chromosome segregation in the viable products of meiosis in spo13⌬ cells (Klapholz and Esposito 1980b; Hugerat and Simchen 1993) . We used a cytological marker that could be scored in both viable and inviable spores; the binding of a GFP-Lac repressor fusion to a repeated array of Lac operators, which produces a microscopically visible, fluorescent dot (Straight et al. 1996) . The LacO array was integrated at trp1, 12 kb from the centromere of chromosome IV. In spo13⌬ homozygous diploids, only one copy of chromosome IV was marked with the LacO array, therefore, a single GFP dot in each spore of the dyad shows that sister centromeres have segregated away from one another (e.g., see Fig. 4a , below). We tested the segregation of three chromosomes in spo13⌬ mutants, as differences in segregation have been reported for different chromosomes (Klapholz and Esposito 1980b; Hugerat and Simchen 1993) . In spo13⌬ cells, the sister centromeres of chromosome III separate in 55% of divisions, those of chromosome IV separate in 80% of divisions, and those of chromosome VIII separate in 62% of divisions (Table 1) . By genetic analysis, Hugerat and colleagues found that the spo13⌬ mutant separated sister centromeres of chromosome IV in 66% of divisions and chromosome III in 38% of divisions (Hugerat and Simchen 1993) . These results are qualitatively consistent with our findings. Eliminating recombination in spo13⌬ cells with the spo11⌬ mutation causes all sister chromatids to separate in the first meiotic division (data not shown; Klapholz et al. 1985) . Our results con- Figure 1 . Diagram of wild-type meiosis and mitosis, and meiosis in spo13⌬. (A) In meiosis I, homologous chromosomes are held together by chiasmata and segregate away from one another when cohesion is released from sister chromatid arms. In meiosis II, sister chromatids segregate away from one another when cohesion is released from sister centromeres. (B) Mitosis is a single division in which sister chromatids segregate from each other and cohesion is lost simultaneously at the arms and centromeres. (C) In spo13⌬ mutants, a single meiotic division occurs in which sister chromatids segregate from each other as cohesion is lost simultaneously from arms and centromeres.
firm the earlier genetic analysis, which could only report on chromosome segregation in meioses that produced two viable spores.
Bipolar attachment in spo13⌬
Because chromosome segregation is variable in spo13⌬ cells, we wondered whether chromosome attachment to the spindle was normal. Sister chromatids that are attached to opposite spindle poles are bi-oriented, whereas those attached to only one pole are mono-oriented. In mitotic metaphase, cells of animals (Skibbens et al. 1993 ) and yeast (Goshima and Yanagida 2000) , the pulling force on bi-oriented chromosomes produces a visible separation or stretch between sister centromeres, but no separation between sister chromatid arms. We monitored bi-orientation by following the behavior of lactose operator arrays integrated very near the centromere of chromosome VIII. In meiosis, we expect centromere behavior to differ between meiosis I and meiosis II. In metaphase I, the centromeres of homologous chromosomes should be bi-oriented, whereas sister centromeres should be mono-oriented. In meiosis II, sister centromeres should become bi-oriented, as they do in mitosis. Our results confirm these predictions. Wild-type cells with marked centromeres were sporulated, fixed, and indirect immunofluorescence was performed against tubulin, to identify metaphase spindles and GFP to monitor the LacO arrays near centromeres. In wild-type cells, homologous centromeres were stretched apart from each other, and thus bi-oriented in 83% of cells with metaphase I spindles. Sister centromeres were stretched in 11% of metaphase I cells and in 70% of cells with metaphase II spindles ( Fig. 2A,B) .
We next asked whether there is a defect in bi-orientation of sister centromeres in spo13⌬ and spo13⌬ spo11⌬ homozygous diploids ( Fig. 2A,B) . In spo13⌬ cells, sister centromeres were stretched in 32% of cells, somewhat lower than the 62% of sister chromatids that ultimately separate in anaphase. In spo11⌬ spo13⌬ double mutants, sister centromeres were stretched in 35% of cells with metaphase I spindles, even though all cells are destined to separate their sister chromatids in anaphase I. Thus, metaphase sister centromere separation in spo13⌬ cells is greater than that seen in wild-type cells in meiosis I, but less than that observed for wild-type cells in meiosis II. These results suggest that there are two defects in the interactions between kinetochores and microtubules in cells lacking Spo13 (Fig. 2C) . The first defect, predicted from observations of chromosome behavior, is that sister centromeres are more likely to attach to opposite poles in cells lacking Spo13. The second defect is that sister centromeres are less likely to be visibly bi-oriented in cells lacking Spo13 in meiosis I than they are in wild type in meiosis II. This observation suggests that the absence of Spo13 reduces the force acting on sister kinetochores, their probability of binding to microtubules, or both.
The spindle checkpoint delays metaphase I in spo13⌬
We asked why spo13⌬ cells perform only one meiotic division. One possibility is that their first meiotic division is slow and there is no time for a second division before spore formation. We followed meiotic progression in spo13⌬ diploids, assessing entry into and exit from meiosis I by the formation and disappearance of metaphase I spindles. Once recombination is complete, short spindles form (Padmore et al. 1991) and are maintained, whereas chromosomes attach to the spindle (prometaphase) and prepare for division (metaphase). Short spindles disappear as cells enter anaphase. Because the synchrony of meiotic divisions is poor, we calculated the duration of meiosis I by integrating the fraction of cells that had short spindles over time. Throughout meiosis I, the fraction of spo13⌬ cells with metaphase I spindles was higher than wild type (Fig. 3) , and we calculate the average duration of meiosis I to be 2.3 times longer in spo13⌬ cells.
Because the spindle checkpoint is known to arrest cells in prometaphase, we asked whether the metaphase I delay in spo13⌬ could be eliminated by removing the checkpoint protein Mad2. In the spo13⌬ mad2⌬ double mutant, cells proceed through metaphase I at the same rate as in wild type, showing that spo13⌬ mutants are delayed by the spindle checkpoint in prometaphase of meiosis I (Fig. 3) .
What defect does the spindle checkpoint sense in spo13⌬ cells? One possibility is that the mixed homolog and sister segregation in the single meiosis of spo13⌬ mutants leaves some kinetochores unattached to microtubules, and these kinetochores trigger the spindle checkpoint. In the absence of recombination and Spo13, sister chromosomes always segregate apart (Klapholz et al. 1985) , suggesting that all sister kinetochores attach to the spindle. We tested whether spo13⌬ spo11⌬ homozygous diploids delay in metaphase I, and find that these cells proceed through metaphase at the same slow rate as spo13⌬ cells (Fig. 3) , suggesting that mixed homolog and sister chromatid segregation does not trigger the spindle Sister chromatid separation was followed by marking one of the two homologs with a LacO array and determining the number of spores in the dyads that contained a fluorescent dot caused by the binding of the GFP-LacI fusion to the operator. For wildtype cells, the extent of sister separation in meiosis I was inferred from the segregation of homologs in tetrads. All LacO arrays were located less than 22 kb from their respective centromeres, making recombination between the centromere and the LacO array very unlikely. For each strain, at least 200 meioses were scored. checkpoint. Another possible cause of the spindle checkpoint delay is that microtubule-kinetochore attachments are defective. As shown in Figure 2A , both spo13⌬ mutants and spo13⌬ spo11⌬ double mutants decrease sister centromere stretching as compared with wild-type homologous centromere stretching in metaphase I or wild-type sister centromere stretching in meiosis II. These observations are consistent with the idea that the checkpoint senses either a lack of attachment or tension at kinetochores formed in the absence of Spo13.
Eliminating the spindle checkpoint in spo13⌬ allows two divisions
To our surprise, spo13⌬ mad2⌬ double mutants complete two meiotic divisions and form four spores (Table  2 ; Fig. 4A ). Similar results were obtained when spo13⌬ was combined three other checkpoint mutants, mad1⌬, mad3⌬ (Li and Murray 1991) , and a dominant mutation in CDC20 (Hwang et al. 1998) , the target of the spindle checkpoint (data not shown). We suggest that the spindle checkpoint delay causes a single division meiosis in spo13⌬ mutants. In spo13⌬ mutants, metaphase I is extended to twice its normal length (Fig. 3) . As a result of this delay, we suggest that spore formation begins before a second division can occur, effectively cutting off a second division. Our results suggest that although spo13⌬ mutants are mechanically capable of two divisions, the spindle checkpoint normally limits them to one. As spo12⌬ mutants have a similar phenotype to spo13⌬ mutants, we wondered whether the single division in spo12⌬ could also be suppressed by eliminating the spindle checkpoint. We find that spo12⌬ mad2⌬ double mutants form dyads. In addition, the spo13⌬ spo12⌬ mad2⌬ triple mutant forms dyads (data not shown). What does this analysis suggest about the function of Spo12? It has been proposed that Spo12 is important for completion of two meiotic divisions (Grether and Herskowitz 1999) , and our observations are consistent with that conclusion. Our analysis suggests that there are two classes of mutations that cause a single division meiosis, those that prevent events that occur after anaphase such as spo12⌬ and those that delay in metaphase of meiosis I, such as spo13⌬.
Undergoing two meiotic divisions is catastrophic for spo13⌬ mad2⌬ double mutants. Spores formed by spo13⌬ mad2⌬ double mutants have low viability because they are aneuploid. When sister centromeres separate from each other in meiosis I, as often occurs in the absence of Spo13, the unlinked sisters segregate randomly in meiosis II (Fig. 4B,C) . If all of the sister centromeres separated in meiosis I, a strain with two LacO marked homologs of chromosome IV should give a 1:2:1 ratio of tetrads with 2, 3, or 4 GFP-labeled spores (Fig.  4C ). We observe a ratio of 0.5:2:1, which, although broadly similar to the expectation, is significantly different from it (p = 0.0015 by the 2 test) as it is from every other detailed model we have tested. Nevertheless, there is evidence for a high rate of random segregation in meiosis II in spo13⌬ mad2⌬ double mutants, and the most common outcome of chromosome segregation is the presence of the marked chromosome (IV) in three of four tetrads (Fig. 4A,C ).
Spo13 and Rec8 prevent separation of mitotic sister chromatids
The behavior of centromeres differs between anaphase of meiosis I and mitosis. During anaphase of meiosis I, the linkage between sister centromeres is maintained, whereas it dissolves before anaphase in mitotic cells. Cells lacking either Spo13 or Rec8 separate their sister centromeres in meiosis I and spo13⌬ mutants fail to protect Rec8 at centromeres (Klein et al. 1999) . On the basis of these observations, we reasoned that the presence of Spo13 and Rec8 might be sufficient to prevent sister centromere separation. This hypothesis predicts that ex- pressing Spo13 and Rec8 in mitotic cells will inhibit sister chromatid separation during anaphase. We tested this idea by expressing SPO13 and REC8 genes in mitotic cells under the control of the galactoseinducible promoter and monitoring both biochemical and cytological aspects of anaphase. Our biochemical marker was the destruction of Pds1, which requires activation of the anaphase-promoting complex (APC) and occurs at the time of anaphase initiation (Cohen-Fix et al. 1996) . The cytological markers were the separation of sister chromatids and the elongation of the spindle. Cells were arrested in G 1 with ␣ factor, released into galactosecontaining medium and sister chromatid separation of GFP-tagged chromosomes and spindle elongation were monitored by fluorescence microscopy (Fig. 5A,C) . Overexpressing Rec8 had no effect on sister chromatid separation (Fig. 5A) . Overexpressing Spo13 resulted in a small delay in sister chromatid separation without an associated delay in Pds1 destruction (Fig. 5A,D) , suggesting that Spo13 has a minor effect on the removal of mitotic cohesin. It was reported previously that overexpression of SPO13 arrests cells in metaphase (McCarroll and Esposito 1994) . We find that integration of a galactose-inducible version of SPO13 gene gives transformants with one of three phenotypes, a metaphase arrest similar in phenotype to that reported (McCarroll and Esposito 1994) and two novel phenotypes, a telophase arrest and slow growth (data not shown). All experiments reported here use a galactose-inducible SPO13 that arrests in telophase on galactose-containing medium.
Because overexpression of Spo13 has some effect on sister chromatid separation (Fig. 5A) , we asked whether overexpressing both Spo13 and Scc1/Mcd1 prevents separation of sister chromatids. Overexpression of both Spo13 and Scc1/Mcd1 had no effect on sister chromatid separation beyond the slight delay that is seen in cells that only overexpress Spo13 (Fig. 5B) . These results indicate that Scc1/Mcd1 is a poor substrate for protection by Spo13.
Overexpressing both Spo13 and Rec8 prevented sister chromatid separation and spindle elongation (Fig. 5A,C) . This phenotype could reflect a metaphase arrest caused by the spindle checkpoint, inactivation of the APC, or a physical block to chromosome separation. We excluded a cell cycle arrest by showing that cells that overexpressed both Rec8 and Spo13 destroyed Pds1 with the same time course as cells that expressed only one of the two proteins (Fig. 5D,E) . Pds1 was destroyed in the absence of spindle elongation in cells expressing both Spo13 and Rec8 (Fig. 5E ). Sister chromatids did not separate when the spindle checkpoint was removed (data not shown). Thus, we suggest that mitotically expressing Spo13 and Rec8 mimics meiosis I chromosome behavior, because the cell cycle continues, but sister chromatids stay linked to each other.
The phenotype we observe is similar to normal chro- mosome behavior in meiosis I, in which centromeric cohesin is retained at anaphase, promoting sister chromatid attachment. However, our mimicry of meiosis I kinetochore structure is not complete. If it were, the two sister kinetochores should mono-orient, leading to spindle elongation in the absence of sister chromatid separation. Instead, we see a short spindle, suggesting that the sister kinetochores bi-orient. Coexpression of Mam1, a component of the meiosis I kinetochore required to unite the two sister kinetochores (Toth et al. 2000) , failed to confer this meiotic character on the mitotic kinetochores (data not shown).
Spo13 protects only meiotic cohesin
Coexpression of Spo13 and Rec8 in mitotic cells creates a physical block to sister chromatid separation. We asked whether Spo13 prevents removal of Rec8 from chromosomes by making a protein fusion between GFP and Rec8 and analyzing localization of Rec8 on chromosome spreads in the presence or absence of Spo13. Cells were synchronized in G 1 and released into galactose-containing medium plus nocadazole to induce a metaphase arrest. After 3 h, cells were washed free of nocodazole and galactose, and placed in glucose-containing medium. 
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Cold Spring Harbor Laboratory Press on July 16, 2009 -Published by genesdev.cshlp.org Downloaded from This manipulation activates the APC and represses the transcription of Rec8 and Spo13. In cells lacking Spo13, Rec8-GFP is bound to chromosomes in nocodazole-arrested cells and is removed from chromosomes after release from this arrest (Fig. 6A,B) . In cells expressing both Spo13 and Rec8, Rec8-GFP remained bound to chromosome spreads even after cells are released from nocodazole. Does Spo13 protect all cohesin complexes or just those containing Rec8? The same experiment was performed with cells expressing galactose-inducible SCC1/ MDC1 (mitotic cohesin) and SPO13 (Fig. 6C) . We find that Spo13 does not protect mitotic cohesin. These results suggest that Spo13 is important for protection of the meiotic form of centromeric cohesin at anaphase I.
We asked whether the simultaneous overexpression of Spo13 and Rec8 leads to protection of mitotic cohesin. Mitotic cohesin was epitope tagged (Scc1/Mcd1-3XHA) and expressed from the gene's normal promoter. Removal of Scc1/Mcd1-3XHA was assayed on chromosome spreads in strains that overexpressed Spo13 alone or the combination of Spo13 and Rec8 (Fig. 6D) . In cells expressing Spo13, Scc1/Mcd1-3XHA was completely removed from chromatin after 210 min, reflecting the brief delay in chromosome segregation in these strains (Fig.  5A) . In cells expressing Spo13 and Rec8, Scc1/Mcd1-3XHA staining disappeared from spreads after 270 min. Although separase cleavage of Scc1/Mcd1 is delayed, unlike Rec8, Scc1/Mcd1 is removed from chromosomes, showing that Spo13 protects meiotic cohesin from active separin protease.
Discussion
We investigated the role of Spo13 in meiosis. We find that the single division in spo13⌬ mutants is caused by a delay induced by the spindle checkpoint. We show that kinetochore structure is disrupted in the spo13⌬ mutant as sister kinetochores are improperly activated at meiosis I, and suggest that this defect is sensed by the spindle checkpoint. Finally, we show that expression of Spo13 and Rec8 in mitotic cells prevents sister chromatid separation, suggesting that these two meiosis-specific components combine to induce one aspect of meiotic centromere behavior.
Meiosis I centromere behavior in spo13⌬ mutants
We began our investigation of Spo13 by re-examining chromosome behavior in spo13⌬ cells. In spo13⌬ mutants, both homologs and sister chromatids can segregate away from one another in the single meiotic division (Klapholz and Esposito 1980b; Hugerat and Simchen 1993) . This pattern of mixed segregation is influenced by recombination (Rutkowski and Esposito 2000) , and eliminating recombination results in 100% sister separation (Klapholz et al. 1985) . Recombination could influence chromosome segregation in spo13⌬ mutants in two ways. In the first scheme, recombination influences kinetochore behavior in spo13⌬ mutants in some cases, causing the two sister kinetochores to act as a single functional unit and go to the same pole in anaphase (Fig.  7A ). In the second scheme, all four sister kinetochores are activated in the absence of Spo13 (Fig. 7B-E) . Only kinetochores that are under tension have a stable linkage to a pole of the spindle (Nicklas and Koch 1969) . If recombination does not occur (spo13⌬ spo11⌬), then tension can only be generated when sister kinetochores attach to opposite poles (Fig. 7B) . However, if recombination links homologous chromosomes, tension can be generated if a pair of sister kinetochores attach to the same pole and at least one of the other two kinetochores attaches to the opposite pole (Fig. 7D) . Thus, in spo13⌬ cells, a pair of sister kinetochores can be segregated to the same pole despite the complete absence of meiosis I kinetochore structure. Sister centromeres segregate from each other if they attach to opposite poles (Fig. 7E) . Finally, homologous pairs can also undergo mixed homolog and sister segregation, as has been observed (Hugerat and Simchen 1993; M. Shonn, unpubl.;  Fig. 7D ).
The spindle checkpoint is activated in spo13⌬ mutants
The spindle checkpoint senses a defect in spo13⌬ mutants and delays cells in metaphase of meiosis I. What defect does the checkpoint sense? Our analysis shows that spo13⌬ mutants stretch sister centromeres in metaphase I more frequently than wild type in meiosis I and less than wild type in meiosis II (Fig. 2) . This decrease in centromere separation can be explained in four ways. (1) Only one of the two sister kinetochores is attached to a microtubule. (2) Sister centromeres are attached to opposite poles, but are subject to forces that are too small to stretch them apart. (3) Sister centromeres are attached to the same pole. In these three cases, kinetochore-microtubule attachment is either defective or fails to establish tension, defects that are sensed by the spindle checkpoint. An alternative possibility is that Rec8 localized near centromeres inhibits centromere stretching. This possibility seems less likely, as sister separation occurs in 70% of wild-type cells during metaphase II, a time when all cohesion is centromere proximal.
Single division meiosis
Why do spo13⌬ mutants undergo only a single meiotic division? Previous studies have speculated that spo13⌬ mutants either skip meiosis I (Klapholz and Esposito 1980b) , or undergo a combination of meiosis I and meiosis II (Hugerat and Simchen 1993) . We find that spo13⌬ mutants are delayed in meiosis I by the spindle checkpoint and suggest that by delaying meiosis I, spore formation begins before the second division can occur. In support of this model, a delay in meiosis I caused by expressing low levels of a nondegradable version of PDS1 Kinetochores can only come under tension if they attach to opposite poles, explaining why sister centromeres always segregate from each other at meiosis I in these cells. (C-E) Recombination has no direct effect on kinetochore behavior, but connects together four independent kinetochores. (C) Homologs segregate to opposite poles (reductional division) when one set of sister kinetochores attaches to one pole, and the other pair attaches to the opposite pole. (D) A mixed division occurs when one pair of sister kinetochores attaches to opposite poles and the other pair attaches to the same pole. (E) Sister centromeres separate from each other at anaphase (equational segregation) when they attach to opposite poles of the spindle.
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The spo12⌬ mutant (Klapholz and Esposito 1980a ) and the clb1⌬, clb3⌬, clb4⌬ triple mutant (Dahmann and Futcher 1995) also undergo a single meiotic division and form dyads. Deletion of all three CLB genes is necessary to produce a high frequency of sporulation and segregation of homologous chromosomes (Dahmann and Futcher 1995) . Do these mutants form dyads due to spindle checkpoint activation? We find that eliminating the spindle checkpoint in spo12⌬ mutants or the triple cyclin deletion mutant does not restore a second meiotic division (data not shown). Spo12 has been implicated in mitotic exit (Grether and Herskowitz 1999; Stegmeier et al. 2002) and the CLB genes encode cyclins, important cell cycle regulators (Dahmann and Futcher 1995) . We speculate that there are two classes of mutants that undergo a single meiotic division, those that delay in metaphase of meiosis I (spo13⌬), and those that delay after anaphase of a single meiotic division (spo12⌬, slk19⌬, and the triple clb deletion). Despite this difference, the ultimate reason for the formation of dyads may be the same for both classes, namely a second division fails to occur before the onset of spore formation.
Spo13 protects centromeric Rec8
A long-standing question has been the identity of a molecule that protects sister centromere cohesion in meiosis I. At anaphase I, cohesion is lost from sister chromatid arms but is protected near sister centromeres (Lee and Orr-Weaver 2001; Nasmyth 2001) . What molecule(s) protect centromeric Rec8 from cleavage at anaphase I? Spo13 is a candidate because cells lacking Spo13 fail to fully protect Rec8 at sister centromeres in anaphase I (Klein et al. 1999) . We have mimicked one aspect of meiotic chromosome behavior in mitotic cells. Expressing two meiotic proteins, Spo13 and Rec8, prevents sister chromatids from separating at mitotic anaphase. Because Spo13 and Rec8 are both required for normal chromosome behavior in meiosis I, we suggest that Spo13 protects a subset of meiotic cohesin during anaphase of meiosis I and metaphase of meiosis II.
Spo13 protects Rec8 from cleavage at the centromere and forces the two kinetochores to act as one. How does it perform both functions? Spo13 could have two independent functions at the centromere, uniting the two kinetochores prior to metaphase I and then protecting Rec8 from cleavage during anaphase I. Alternatively, Spo13 may work through Rec8 to both unite the two sister kinetochores and maintain cohesion in metaphase I. In fission yeast, Rec8 must be present during meiotic S phase to establish meiosis I kinetochore structure (Watanabe et al. 2001) . In budding yeast, rec8⌬ mutants separate their sister chromatids before anaphase of meiosis I, suggesting that meiosis I kinetochore structure has not been established (Klein et al. 1999 ).
Building meiosis I chromosomes
How is protection of Rec8 limited to the centromere region in metaphase I? In our experiments, overexpression may obscure localization of Rec8 to centromeres. To achieve localized protection of Rec8, Spo13 may work in concert with additional, unidentified meiotic proteins. Alternatively, meiosis-specific functions of the mitotic proteins Slk19 and Bub1 may be required. Sister centromere cohesion requires Slk19 in budding yeast (Kamieniecki et al. 2000; Zeng and Saunders 2000) and Bub1 in fission (Bernard et al. 2001 ) and budding (M. Shonn and A. Murray, unpubl.) yeast. Deletion of SLK19 or BUB1 genes in cells expressing Spo13 and Rec8 does not disrupt sister chromatid cohesion (M. Shonn and A. Murray, unpubl.) . How is Rec8 removal targeted to sister chromatid arms? When Rec8 is removed from chromosome arms, sister telomeres separate at anaphase I . We monitored telomere separation in mitotic cells expressing both Rec8 and Spo13 and found that telomeres do not separate (M. Shonn and A. Murray, unpubl.) . However, telomeres also fail to separate in spo11⌬ homozygous diploids, despite removal of Rec8 from chromosome arms , suggesting that telomere separation requires both the formation and the resolution of chiasmata, events that do not occur in spo11⌬ or mitotic cells. It is interesting to note that Rec8 contains two separin cleavage sites , both located in regions of the protein poorly conserved with respect to mitotic cohesin. Perhaps this rearrangement of cleavage sites creates conditions favorable for removal of Rec8 along chromosome arms.
In meiosis I, a homolog attaches to a single spindle pole because the sister kinetochores form a single functional unit. This mono-orientation requires Spo13 and the meiosis-specific protein Mam1 (Toth et al. 2000) . Despite expressing Mam1 in addition to Spo13 and Rec8 in mitotic cells, we have not been able to prevent sister kinetochores from attaching to opposite poles (M. Shonn and A. Murray, unpubl.) . Meiotic proteins or regulation in addition to Mam1 must be needed to unite sister kinetochores.
Centromere cohesion in meiosis I: many solutions to a similar problem?
Although Rec8 has been identified in several species (Bhatt et al. 1999; Klein et al. 1999; Watanabe and Nurse 1999; Pasierbek et al. 2001) , little is known about the molecular components that protect it during meiosis I. We find that Rec8 and Spo13 are sufficient to prevent sister chromatid separation at anaphase. This observation suggests that evolving meiosis-specific chromosome behavior may have required only two steps. First, the duplication and divergence of a cohesin subunit (an ancestral cohesin giving rise to both Scc1/Mcd1 and Rec8), and second, the evolution or meiosis-specific recruitment of a protein (Spo13) that could protect a subset of the meiosis-specific cohesin until anaphase of meiosis II. Spo13 has so far only been recognized in fungi, suggesting that it has either diverged rapidly or is a fungusspecific solution to a problem faced by most eukaryotes. In Drosophila, the Mei-S332 protein localizes to centromeres and performs a function similar to Spo13, preventing sister chromatid separation until anaphase II (Kerrebrock et al. 1995) . Spo13 and Mei-S332 show no homology, although they appear to perform a similar function.
Materials and methods
Microbial techniques and yeast strain construction
Media and genetic and microbial techniques were essentially as described (Sherman et al. 1974; Rose et al. 1990 ). All cytological experiments began from a G 1 arrest. Cells were arrested in medium containing 2% raffinose and 1 µg/mL ␣-factor at 23°C for 3.5 h, washed three times in water, and resuspended in medium containing 2% raffinose and 2% galactose. After 1.5 h, ␣-factor was added back to prevent cells from entering the next cell cycle. For experiments requiring a metaphase arrest, 15 µg/mL nocodazole was added to the medium after release from ␣-factor. Cells were released from nocodazole by washing three times in water, and were then resuspended in dextrose medium containing 1.5 µg/mL ␣-factor. All experiments reported were repeated a minimum of two times with similar results. In all experiments, at least 100 cells were counted. Stock solutions of inhibitors were 10 mg/mL nocodazole, 10 mg/mL ␣-factor in DMSO. All stocks were stored at −20°C. Yeast strains are listed in Table 3 and were constructed by use of standard genetic techniques. The DH5-␣ strain was used for all bacterial manipulations. Table 3 . Strains used in this study.
MAS 314
MATa/MAT␣pCYC1-GFP12-lacI12:: LacO::TRP1/LacO::TRP1, spo13::hisG/spo13::hisG, mad2 ::LEU2/mad2::LEU2
MAS 386
MATa/MAT␣pCYC1-GFP12-lacI12:: LacO::TRP1/LacO::TRP1, LacO::TRP1(pMAS80) 
/LacO::TRP1(pMAS80) MAS 676
MATa/MAT␣pCYC1-GFP12-lacI12:: LacO::TRP1(pMAS80) MATa/MAT␣pCYC1-GFP12-lacI12:: spo13::URA3/spo13::URA3 MAS 774 MATa, LacO::TRP1, bar1⌬, LacO::TRP1, bar1⌬, LacO::TRP1, bar1⌬, bar1⌬, bar1 MATa, LacO::TRP1, bar1⌬, LacO::TRP1, barI⌬ Strains in the SK1 background leu2::hisG, spo13::URA3::hisG, leu2::hisG, spo13::URA3::hisG, leu2::hisG, mad2::URA3, leu2::hisG, mad2::URA3, spo13::URA3::hisG MAS 659 MATa, leu2::hisG, spo13::URA3::hisG, spo11::URA3, leu2::hisG, spo13::URA3::hisG, spo11::URA3, All strains are in the W303 background unless otherwise noted.
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